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By the first principles calculations based on the van der Waals density functional theory, we
study the crystal structures and electronic properties of La-doped phenanthrene. Two stable atomic
geometries of La1phenanthrene are obtained by relaxation of atomic positions from various initial
structures. The structure-I is a metal with two energy bands crossing the Fermi level, while the
structure-II displays a semiconducting state with an energy gap of 0.15 eV, which has an energy gain
of 0.42 eV per unit cell compared to the structure-I. The most striking feature of La1phenanthrene is
that La 5d electrons make a significant contribution to the total density of state (DOS) around the
Fermi level, which is distinct from potassium doped phenanthrene and picene. Our findings provide
an important foundation for the understanding of superconductivity in La-doped phenanthrene.
I. INTRODUCTION
The recent discovery of superconductivity with Tc of
18 K in potassium doped picene (C22H11) [1] has at-
tracted great attention on the aromatic superconduc-
tor, a new class of organic superconductor, which was
formed by intercalating alkali metal atoms into the inter-
stitial space between aromatic molecules in the molec-
ular crystal. Subsequently, alkali metal doped phenan-
threne (C14H10) [2] and dibenzopentacene (C30H18) [3]
with superconducting transition temperature of Tc =
5.6 K and 33 K were reported, respectively. In the
three kinds of superconductors, the electronic charges
are transferred from the doped metal atoms to aromatic
molecules and delocalized throughout the molecular crys-
tal. Apart from alkali metal, alkaline earth and rare
earth metal are also adopted to synthesize metal-doped
phenanthrene crystal to explore their superconductivity.
In experiment, the high quality Ba1.5phenanthrene [4]
and La1phenanthrene [5] superconductors were obtained
with superconducting shielding fractions 40% and 46%,
and for La1phenanthrene, the superconducting transition
temperature significantly increases with the pressure and
sustains high Tc in a wide range of pressure [6].
The determination of crystal structure of metal doped
picene, phenanthrene, and dibenzopentacene is an impor-
tant prerequisite to understand the electronic behavior
and superconducting mechanism in the aromatic super-
conductors. However, the detailed crystal structures of
doped materials have not yet been reported in experi-
ment, especially the metal atomic position, due to the
degradation of sample in air and the limit of measure-
ment techniques [5]. Several theoretical groups have de-
voted to the researches on the crystal and electronic prop-
erties [7–14]. For exmaple, Kosugi et al. systematically
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investigated the crystal structure of K-doped picene with
different K concentrations, and found that multiple struc-
tures exist at the same K concentration; Andres et al.
fully optimized the geometries of K3picene and acquired
two distinct structures, one with a herringbone structure
and the other with a laminar structure. For tripotassium-
intercalated phenanthrene, there also exist the great dis-
crepancy between the optimized structure and the mea-
sured one [15]. Other theoretical researches on the elec-
tronic correlation effect and magnetism of K3picene were
also performed and the lattice parameters were fixed at
the measured values [16] in their first principle calcula-
tions.
We notice that van der Waals interactions have not
been taken into account in previous theoretical stud-
ies. The organic compounds of picene, phenanthrene,
and dibenzopentacene are the typical molecular crys-
tals, which have low density and hardness because of the
light element and relatively long intermolecular bonds.
In these materials, van der Waals interactions existing
among molecules play a key role in determining the inter-
molecular distance and the stacking pattern. Therefore,
it is quite necessary to include this factor in simulation of
the structural and electronic properties of metal-doped
picene, phenanthrene, and dibenzopentacene supercon-
ductors.
In this paper, we focus on the structural and elec-
tronic properties of rare earth metal La doped phenan-
threne, which became a valuable research issue because
of the following reasons. Firstly, potassium is an al-
kali metal element with one electron in the outermost
shell. Due to the high metal reactivity, potassium is
usually used to intercalate into graphite, C60, phenan-
threne, picene, and dibenzopentacene to induce super-
conductivity. Lanthanum belongs to rare earth metal
with an electron configuration [Xe]5d16s2 and exhibits
two oxidation states, +3 and +2 in general. The metal
reactivity of Lanthanum is much lower than potassium
2.
FIG. 1. (Color online) The intralayer arrangement of
molecules is shown in a 2 × 2 × 1 supercell (a) and the inter-
layer arrangement of molecules is shown in a 1 × 1 × 2 su-
percell (b) for pristine phenanthrene. There are two phenan-
threne molecules in a unit cell.
in the reactivity series of metal. Because of such dif-
ference, a large discrepancy relative to K-doped phenan-
threne can be expected in La-doped phenanthrene. Sec-
ondly, the recent report from X. J. Chen group indicated
that La-doped phenanthrene displays a significant pos-
itive pressure effect of Tc and a sustainable high criti-
cal temperature within a wide pressure range, which are
unique superconducting features different from K-doped
phenanthrene [6].
The paper is organized as follows. In Sec. II the com-
putational method is briefly described. In Sec. III the
results obtained are described and discussed. In Sec. IV,
the conclusions are presented.
II. DETAILS OF METHOD
In our calculations the plane wave basis method was
used [17]. We adopted the generalized gradient approxi-
mation (GGA) with Perdew-Burke-Ernzerhof (PBE) for-
mula [18] for the exchange-correlation potentials. The
projector augmented-wave method (PAW) pseudopoten-
tials were used to model the electron-ion interactions.
The local-density approximation (LDA) is appropriate
for largely homogeneous systems, for example, simple
metals and semiconductors. The semilocal-density ap-
proximation - GGA works well for inhomogeneous sys-
tems, for example, transition metals, ionic crystals, com-
pound metals, surfaces, interfaces, and some chemical
systems. However, for sparse systems, including soft
matter, van der Waals complexes, and biomolecules, they
have inter - particle separations, for which nonlocal, long-
ranged interactions, such as van der Waals (vdW) forces,
are influential. The van der Waals interaction is consid-
ered in the scheme developed by Dion, Thonhauser et
al. [19, 20] and enclosed in the first principle calculation
code Quantum-ESPRESSO [17]. In the functional the
exchange-correlation energy takes the form of
Exc = E
GGA
x + E
LDA
c + E
nl
c
where the exchange energy EGGAx uses the revPBE GGA
functional and ELDAc is LDA to the correlation energy.
Enlc is the nonlocal energy term which accounts approxi-
mately for the nonlocal electron correlation effects. The
vdW-DF method greatly improves the interaction ener-
gies of dispersion bonded systems [21–23], and its ap-
plication to hard solid can also obtain a systematic im-
provement in atomization energy and cohesive properties
[24].
The Gaussian broadening technique was employed and
a mesh of 6×6×6 k-points were sampled for the Brillouin-
zone integration. After the full convergency test, the
kinetic energy cut-off and the charge density cut-off of
the plane wave basis were chosen to be 80 Ry and 600
Ry, respectively. In our calculations, the lattice param-
eters were firstly fixed at the experimental values and
the internal atomic coordinates were optimized by the
energy minimization. The variable unit cell calculations
were performed to compare with the results in the case of
fixed lattice constants. The structure relaxation is per-
formed by Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-newton algorithm [25, 26] and the maximum and
minimum ionic displacement are set to 0.8 and 0.001
Bohr. The convergence thresholds of the total energy
and force on atom are 10−5 Ry and 10−4 Ry/Bohr re-
spectively, and for variable cell calculation, the residual
stress on cell is less than 0.5 KBar.
III. RESULTS AND DISCUSSIONS
Pristine phenanthrene crystallizes in the space group
P21 with the lattice parameters a = 8.453 A˚, b = 6.175
A˚, c = 9.477A˚, and β = 98.28◦ measured at room tem-
perature [2]. The crystal geometry is shown in Fig. 1,
where a unit cell contains two molecules arranged in a
herringbone structure. After the lattice parameters and
the inner atomic coordinates are all fully relaxed, the ob-
tained parameters a, b, c, and β are 8.401 A˚, 6.166 A˚,
9.445 A˚, and 97.65◦, which are perfectly consistent with
the ones in experiment. If van der Waals interaction is
not included in the calculation, the optimized parameters
are 8.791 A˚, 6.368 A˚, 9.608 A˚, and 98.66◦. The differ-
ences between two sets of computational cell parameters
demonstrate that van der Waals force is an important as-
pect of physics in phenanthrene and related compounds,
and it is necessary to take account of this interaction in
the first principles simulation for these materials.
The rare earth metal La atoms are intercalated
into phenanthrene solid with the ratio of La atom
and molecule 1:1 to form La1phenanthrene. La-doped
phenanthrene crystallizes in P21 space group with the
lattice parameters a =8.482 A˚, b =6.187 A˚, c =9.512A˚,
and β =97.95◦ [5]. In the relaxation calculations, we
have checked most possible configurations to explore the
reasonable geometry structure. For La1phenanthrene,
the possible arrangements for two La atoms and two
molecules in a unit cell are much reduced compared to
3FIG. 2. (Color online) Schematic diagram for the positions of
two La atoms relative to two phenanthrene molecules. The
four configurations are designed to start the structure relax-
ation. Hydrogen atoms are not shown.
the situation of K3phenanthrene with six K atoms and
two molecules in a unit cell. The following four cases were
considered and believed to be sufficient for the arrange-
ment of molecules and La atoms, as shown in Fig. 2: (a)
two La atoms are located at two sides of a molecule in a
unit cell; (b) two La atoms are located at the same side
of a molecule; (c) one La atom sits at the end of molecule
(between two molecular layers) and the other at the side
of molecule (in the molecular layer); (d) two La atoms
sit at the molecular ends. We relaxed the inner atomic
positions in the unit cell with cell parameters fixed at
the measured ones. The initial configurations (a), (c)
and (d) would evolve into the same structure, called the
structure-I, whereas the configuration (b) leads to the
structure-II.
1. La-doped phenanthrene: the structure-I
Fig. 3 shows one of the two stable structures, namely
the structure-I. In a molecular layer of La-doped phenan-
threne, the aromatic molecules are arranged in a her-
ringbone structure, with an angle about 90◦ between
nearest-neighbor molecular planes. The arrangement of
molecules forms a network structure, and La atoms enter
into the net hole. For the structure-I, La atoms are dis-
tributed more uniformly, i.e. one La atom sited in each
hole. The positions of two La atoms in a unit cell are
about 1
3
c and 2
3
c along the c axis. As for the symmetry
of unit cell, the structure-I also keeps P21 group symme-
try similar to pristine phenanthrene, namely all atomic
positions obey the symmetry operation (x, y, z) → (-x,
y+0.5, -z).
Because of intercalation of La atom, the molecular
plane of phenanthrene is distorted. Then the interactions
among molecules, especially by the bridge of La atom,
are enhanced and lead to a stronger band dispersion, as
shown in Fig. 4. Fig. 4(a) clearly shows that there are two
bands crossing the Fermi level. The dispersion of bands
along ΓZ and FQ (parallel to the axis c∗ in the Bril-
louin zone) is small, which is related to the weak inter-
layer coupling mediated by H-H overlap. In the direction
of axis b, the La atoms and molecules are stacked most
closely because of the short axis b, which is reflected in
the stronger dispersion of bands along XP , FΓ and ZQ
FIG. 3. (Color online) Crystal structure of La1phenanthrene
for the structure-I with a La atom inserted in each hole. La
atomic positions are viewed from two different angles in panels
(a) and (b). Hydrogen atoms are not shown.
(parallel to the axis b∗). Compared with the band struc-
ture of K3phenanthrene in the lower panel of Fig.2 in An-
dres’ paper [15], the total width of two bands crossing the
Fermi level is about 0.8 eV for La1phenanthrene, which is
larger than 0.5 eV in the K doped case. In addition, the
two bands below the Fermi level locate around -1.0 eV for
La1phenanthrene, lower than -0.5 eV in K3phenanthrene.
An important feature of the electronic structure of La-
doped phenanthrene is revealed in Fig. 4(c) that besides
the C 2p states, another important contribution to the
DOS around the Fermi energy is from La 5d electrons
with the weight of about 27%, which is estimated based
on the total DOS (3.26 states/eV ) and projected DOS on
La 5d orbitals (0.44 states/eV × 2 for two La atoms).
In order to understand this significant feature, we per-
formed Lo¨wdin population calculations to discover the
charge transfer from La atom to phenanthrene molecule
and resulting electron occupations in atomic orbitals.
The calculations indicate that each of two C atoms close
to La atom gets about 0.35∼0.40 electron from the neigh-
bored H and La atoms. The 6s orbital is empty and 5d
orbital has 1.8 electron for La atom. As can be seen
from Table. I, the charge transferred from each La atom
to a molecule is about 1.0 electron. This result has a
great difference from the situation of K-doped phenan-
threne. Three K atoms are required for each aromatic
molecule in K-doped phenanthrene, picene, dibenzopen-
tacene, coronene[9], as well as fullerene [27, 28], where
each molecule can get three electrons from metal atoms.
The K 4s states are far higher than the Fermi energy and
completely empty in the K-doped system [8], while there
exists strong hybridization between La 5d states and C
2p states in La1phenanthrene, which can explain the dif-
ference between their band structures. The contribution
of La 5d states to the DOS at the Fermi level implies that
superconductivity in this compound is intimately related
to these La 5d electrons.
The positive pressure effect on Tc is a common fea-
ture in the doped aromatic superconductors. Especially
for La-doped phenanthrene, application of pressure sig-
nificantly increases Tc from 4.9 to 8.5 K as the pressure
4FIG. 4. (Color online) (a) Band structure of La1phenanthrene
with experimental lattice parameters for the structure-I. (b)
The Brillouin zone and selected k point paths for energy band.
(c) Total DOS per unit cell and orbital-resolved partial DOS
per C atom and per La atom. The Fermi level is set to zero.
TABLE I. Lo¨wdin population of La1 phenanthrene in the
structure-I. The number of valence electron in La pseudopo-
tential is 11 and the total valence charge of phenanthrene
molecule is 66. The spiling charge that can not be projected
to the atomic orbital is 0.32.
La ion phenanthrene ion
Occupation 9.78 66.90
La 5s,6s La 5p La 5d
Occupation 1.80 6.15 1.83
FIG. 5. (Color online) Crystal structure of La1phenanthrene
for the structure-II with two La atoms inserted in the same
hole. La atom positions are viewed from two different angles
in panels (a) and (b). Hydrogen atoms are not shown.
increases from ambient pressure to 3.2 GPa before the
structural phase transition[6]. A similar increase of Tc
from 6.1 to 7.6 K with the pressure from ambient pressure
to 1.0 GPa was also found by Wang et al.[5]. To under-
stand the effect of pressure on the superconductivity in
La-doped phenanthrene, we keep the shape of crystal unit
cell and decrease the volume to simulate the pressure ef-
fect. When the volume changes from 100% to 95%, 90%,
and 85%, the corresponding pressure is increased from
2.27 to 3.61, 5.52 and 8.20 GPa, respectively. The to-
tal DOS are displayed in Fig. ?? as a function of the
volume. The value of DOS at Fermi level increases grad-
ually from 3.2 to 3.6, 3.9, 4.7 states/eV with the volume
decreasing. According to the Bardeen-Cooper-Schrieffer
(BCS) theory of electron-phonon induced superconduc-
tivity, the increase of DOS with pressure will result in
an increase of Tc, which is in consistent with the experi-
mental measurements [6].
2. La-doped phenanthrene: the structure-II
For La1phenanthrene, one unit cell includes two La
atoms and two molecules. When two La atoms enter
the same hole in the network formed by phenanthrene
molecules, we obtain the structure-II, as shown in Fig. 5.
Because two La atoms do not obey the symmetry op-
eration (x, y, z) →(-x, y+0.5, -z), the structure-II does
not keep the P21 group symmetry and it belongs to P1
space group. Compared with the structure-I, the energy
is about 0.42 eV lower per unit cell composed of 50 atoms.
Hence, the structure-II is more stable from the energetic
view. Our results show that the stress of the structure-II
with the experimental unit cell is 2.186 GPa, which is
comparable to the stress of the structure -I and less than
the pressure 3 GPa for tripotassium-intercalated phenan-
threne [15].
Fig. 6 shows the band structure and DOS for the
structure-II. The bands are more flat and less disper-
sive relative to the ones of the structure-I. An remark-
able feature revealed by our calculations is that it dis-
plays a semiconducting state with an energy gap of 0.15
5FIG. 6. (Color online) (a) Band structure of La1phenanthrene
with experimental lattice parameters for the structure-II. (b)
Total DOS per unit cell and orbital-resolved partial DOS per
C atom and per La atom. The Fermi level is set to zero.
eV. The lower panel in Fig. 6 shows the partial DOS
of La 5d states, which make a great contribution to the
total DOS around the Fermi level, similar to the situa-
tion for the structure-I. Lo¨wdin population calculations
show that each of two C atoms close to La atom gets
about 0.35∼0.40 electron from the neighbored H and La
atoms, and La 6s orbital is empty and La 5d states have
about 2.0 electron for La atom. The lost charge per La
atom is about 1.0 electron. In experiment, the effect of
charge transfer in La-doped phenanthrene was studied
by Raman spectroscopy. Based on the similar behav-
ior of phonon softening between La-doped and K-doped
phenanthrene, X. F. Wang et al. suggested that three
electrons are transferred from a La atom to a phenan-
threne molecule[5]. Obviously, our Lo¨wdin population
analysis for the structure-I and structure II does not sup-
port their deduction. More experiments are needed for
clarifying the actual charge transfer in La-doped phenan-
threne.
The semiconcuting structure-II phase is not the su-
perconducting phase, but it may be a parent compound
of superconductor when the concentration of La has few
percents deviation from 1 in La1phenanthrene, similar to
the parent compounds of superconductor LaCuO4 [29],
KFe1.5Se2 [30] and K0.8Fe1.6Se2 [31].
3. The optimized lattice parameters for the structure-I and
structure-II
The simulation of crystal structure of doped phenan-
threne or doped picene is a great challenge, because the
optimized crystal structures of doped phenanthrene[15]
or doped picen[7, 8] reported at present deviate largely
from the measurements, even is completely different from
the experiment. The variable cell calculations were also
performed for La-doped phenanthrene. For structure-
I with P21 group symmetry, the optimized lattice pa-
rameters are a =8.632 A˚, b = 6.505 A˚, c = 9.661 A˚,
and β =108.03◦. Compared with the experimental ones
a =8.482 A˚, b =6.187 A˚, c =9.512 A˚, and β =97.95◦,
the corresponding fractional errors are +1.7%, +5.1%,
+1.5%, and +10.3%, respectively. For the structure-II
with P1 group symmetry, the calculated lattice parame-
ters are a = 9.202 A˚, b =6.005 A˚, c = 9.829 A˚, α =86.59◦,
β =103.66◦ and γ =93.06◦, and the corresponding frac-
tional errors are +8.5%, -2.9%, +3.3%, -3.8%, +5.8%
and +3.4%, respectively (α = γ = 90◦ in the experimen-
tal cell with P21 symmetry). The unit cell volumes for
the structure-I and structure-II are 515.8 A˚3 and 525.6
A˚3, very close to the experimental value 494.3 A˚3. With
the optimized lattice constants, we have investigated the
electronic structure of La1phenanthrene and found that
their electronic properties are similar to ones with the ex-
perimental lattice parameters. The structure-I is a metal
and the structure-II lies in the semiconducting state with
a larger energy gap of 0.30 eV. Still, the DOS of La 5d
orbital have a substantial contribution to the total DOS
around the Fermi level.
There is very small difference of lattice parameters
in experiment between pristine and La-doped phenan-
threne. However, in our optimized structure-I and
structure-II, the errors for some parameters compared
to the measurement are larger than 5%. One reason may
be that in the compound containing rare earth metal La
whose atomic radius is much larger than the ones of C
and H atom, it is difficult to deal with the non-bonding
interaction between C atom and La atom with available
pseudopotentials.
In experiment, the metallic phase of La1phenathrene
was observed, which corresponds to the structure-I. Now
the question arising is why the structure-II with lower
energy was not observed in measurement? This issue
could be addressed in the relaxation calculations. As
already mentioned before, the initial configurations (a),
(c) and (d) in Fig. 2 evolve into the structure-I, while only
the particular configuration (b) results in the structure-
II. This demonstrates that it is easier to form the metallic
phase during the crystal growing process.
6IV. CONCLUSIONS
In summary, by the first principles calculations, we
study the crystal structures and electronic properties
of pristine and La-doped phenanthrene under consider-
ing van der Waals interaction. For La1phenanthrene,
two stable atomic geometries are obtained with differ-
ent La atom distributions in the interstitial space among
molecules. The structure-I is a metal and two energy
bands cross the Fermi level. The structure-II displays
the semiconducting state with an energy gap of 0.15 eV.
From the energetic viewpoint, the structure-II is more
stable because it has an energy gain of 0.42 eV per unit
cell compared to the structure-I. The most striking fea-
ture of La1phenanthrene is that La 5d electrons make a
great contribution to the total DOS around the Fermi
level, which is obviously distinct from potassium doped
phenanthrene and picene. The similar results can be ob-
tained when we carried out the related calculations with
the optimized lattice parameters, demonstrating that the
electronic property of La1phenanthrene is strongly corre-
lated with the specific positions of La atoms. Our find-
ings provide an important information for understanding
superconductivity in La1phenanthrene.
Whether the superconductivity in these metal doped
aromatic crystals is driven by electron-phonon or
electron-electron mechanism is still in debate. The
value of x = 3 is special for Kxpicene, Kxphenanthrene
and Kxdibenzopentacene, indicating that three electrons
doped into each molecule seem to be a key factor to in-
duce superconductivity in K-doped aromatic materials.
For La1phenanthrene, La atom is expected to provide
three electrons to each phenanthrene molecule. However,
only about one electron is transferred from La atom to
aromatic molecule, as indicated by Lo¨wdin population.
This is drastically different from usual lanthanide com-
pounds and lanthanide complexes, where La takes the va-
lence state of +3 and each La atom loses three electrons.
Moreover, La 5d electrons have a great contribution to
the DOS around the Fermi level, which might be inti-
mately related to superconductivity, even unconventional
superconductivity. All these make La1phenanthrene spe-
cial and rich physical properties can be expected in fur-
ther research.
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Note added. While in the preparation of this
manuscript, we learnt of a paper by S. Shahab Naghavi
group (Phys. Rev. B 88, 115106 (2013)), which re-
ports that the lowest energy state of La1phenanthrene is
band insulating and the best metallic structure is slightly
higher in energy but retains the P21 symmetry. The
structure-I and structure-II in our results are accordant
with the best metallic structure and the lowest energy
structure shown in Fig. 3 in Phys. Rev. B 88, 115106
(2013), respectively.
[1] R. Mitsuhashi, Y. Suzuki, Y. Yamanari, H. Mitamura,
T. Kambe, N. Ikeda, H. Okamoto, A. Fujiwara, M. Ya-
maji, N. Kawasaki, Y. Maniwa, and Y. Kubozono,
Nature 464, 76 (2010).
[2] X. F. Wang, R. H. Liu, Z. Gui, Y. L. Xie, Y. J.
Yan, J. J. Ying, X. G. Luo, and X. H. Chen,
Nature communications 2, 507 (2011).
[3] M. Xue, T. Cao, D. Wang, Y. Wu, H. Yang,
X. Dong, J. He, F. Li, and G. F. Chen,
Scientific reports 2, 389 (2012).
[4] X. F. Wang, Y. J. Yan, Z. Gui, R. H. Liu,
J. J. Ying, X. G. Luo, and X. H. Chen,
Physical Review B 84, 214523 (2011).
[5] X. F. Wang, X. G. Luo, J. J. Ying, Z. J. Xiang,
S. L. Zhang, R. R. Zhang, Y. H. Zhang, Y. J.
Yan, a. F. Wang, P. Cheng, G. J. Ye, and X. H. Chen,
Journal of physics: Condensed matter 24, 345701 (2012).
[6] X.-J. Chen, J.-J. Ying, Z.-X. Qin, Z.-J. Xiang, H. Wu,
Q.-Z. Huang, A. Berlie, T. Muramatsu, X.-F. Wang,
P. Cheng, X.-H. Chen, W. Yang, V. V. Struzhkin, and
H.-K. Mao, (2013), arXiv:1303.5184.
[7] T. Kosugi, T. Miyake, S. Ishibashi, R. Arita, and
H. Aoki, Physical Review B 84, 214506 (2011).
[8] P. L. de Andres, a. Guijarro, and J. a. Verge´s,
Physical Review B 83, 245113 (2011).
[9] Y. Kubozono, H. Mitamura, X. Lee, X. He,
Y. Yamanari, Y. Takahashi, Y. Suzuki, Y. Kaji,
R. Eguchi, K. Akaike, T. Kambe, H. Okamoto,
A. Fujiwara, T. Kato, T. Kosugi, and H. Aoki,
Physical chemistry chemical physics : PCCP 13, 16476 (2011).
[10] P. Cudazzo, M. Gatti, F. Roth, B. Mahns, M. Knupfer,
and A. Rubio, Physical Review B 84, 155118 (2011).
[11] G. Giovannetti and M. Capone,
Physical Review B 83, 134508 (2011).
[12] J. a. Verge´s, P. L. de Andres, E. San-Fabia´n,
G. Chiappe, E. Louis, and a. Guijarro,
Physical Review B 85, 165102 (2012).
[13] Z. Huang, C. Zhang, and H.-Q. Lin,
Scientific reports 2, 922 (2012).
[14] F. Roth, M. Gatti, and P. Cudazzo,
New J. . . . 12, 103036 (2010).
[15] P. L. de Andres, a. Guijarro, and J. a. Verge´s,
Physical Review B 84, 144501 (2011).
[16] M. Kim, B. I. Min, G. Lee, H. J. Kwon, Y. M. Rhee, and
J. H. Shim, Physical Review B 83, 214510 (2011).
[17] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra,
R. Car, C. Cavazzoni, D. Ceresoli, G. L. Chiarotti,
7M. Cococcioni, I. Dabo, A. Dal Corso, S. de Giron-
coli, S. Fabris, G. Fratesi, R. Gebauer, U. Ger-
stmann, C. Gougoussis, A. Kokalj, M. Lazzeri,
L. Martin-Samos, N. Marzari, F. Mauri, R. Maz-
zarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitso-
nen, A. Smogunov, P. Umari, and R. M. Wentzcovitch,
Journal of Physics: Condensed Matter 21, 395502 (19pp) (2009).
[18] J. P. Perdew, K. Burke, and M. Ernzerhof,
Phys. Rev. Lett. 77, 3865 (1996).
[19] M. Dion, H. Rydberg, E. Schro¨der,
D. C. Langreth, and B. I. Lundqvist,
Physical Review Letters 92, 246401 (2004).
[20] T. Thonhauser, V. R. Cooper, S. Li,
A. Puzder, P. Hyldgaard, and D. C. Langreth,
Physical Review B 76, 125112 (2007).
[21] A. Gulans, M. Puska, and R. Nieminen,
Phys. Rev. B 79, 201105 (2009).
[22] A. K. Kelkkanen, B. I. Lundqvist, and J. K. Nø rskov,
J. Chem. Phys. 131, 046102 (2009).
[23] J. Klimesˇ, D. R. Bowler, and A. Michaelides,
J. Phys. Condens. Matter 22, 022201 (2010).
[24] J. Klimesˇ, D. R. Bowler, and A. Michaelides,
Phys. Rev. B 83, 195131 (2011).
[25] M. Avriel, Nonlinear programming (DoverPublications.
com, 2003).
[26] J. C. Gilbert and C. Lemare´chal, Numerical optimization:
theoretical and practical aspects (Springer, 2006).
[27] M. Capone, M. Fabrizio, C. Castellani, and E. Tosatti,
Rev. Mod. Phys. 81, 943 (2009).
[28] Y. Iwasa and T. Takenobu,
Journal of Physics: Condensed Matter 15, R495 (2003).
[29] J. Bednorz and K. Mller,
Zeitschrift fr Physik B Condensed Matter 64, 189 (1986).
[30] X.-W. Yan, M. Gao, Z.-Y. Lu, and T. Xiang,
Physical Review Letters 106, 087005 (2011).
[31] X.-W. Yan, M. Gao, Z.-Y. Lu, and T. Xiang,
Physical Review B 83, 233205 (2011).

